The formation of toxic fermentation inhibitors such as furfural and 5-hydroxy-2-methylfurfural (HMF) during acid (pre-)treatment of lignocellulose, calls for the efficient removal of these compounds. Lignocellulosic hydrolysates can be efficiently detoxified biologically with microorganisms that specifically metabolize the fermentation inhibitors while preserving the sugars for subsequent use by the fermentation host. The bacterium Cupriavidus basilensis HMF14 was isolated from enrichment cultures with HMF as the sole carbon source and was found to metabolize many of the toxic constituents of lignocellulosic hydrolysate including furfural, HMF, acetate, formate and a host of aromatic compounds. Remarkably, this microorganism does not grow on the most abundant sugars in lignocellulosic hydrolysates: glucose, xylose and arabinose. In addition, C. basilensis HMF14 can produce polyhydroxyalkanoates. Cultivation of C. basilensis HMF14 on wheat straw hydrolysate resulted in the complete removal of furfural, HMF, acetate and formate, leaving the sugar fraction intact. This unique substrate profile makes C. basilensis HMF14 extremely well suited for biological removal of inhibitors from lignocellulosic hydrolysates prior to their use as fermentation feedstock.
Introduction
Lignocellulosic materials provide a potential source of renewable feedstock for the sustainable production of biofuels and other biochemicals. This concept has been heralded as a viable alternative for traditional oil-based fuel and chemicals production with widespread socioeconomical and environmental benefit (Olsson and Hahn-Hagerdal, 1996 ; Lee, 1997; Thomsen and Haugaard-Nielsen, 2008) . For use as feedstock in fermentative production processes, the sugars within the lignocellulosic matrix are commonly released by acid pretreatment followed by either chemical or enzymatic hydrolysis. A major drawback of this procedure is the formation of toxic by-products (Palmqvist and HahnHagerdal, 2000a; Klinke et al., 2004; Mussatto and Roberto, 2004) . In general, three groups of fermentation inhibitors can be distinguished: furan derivatives, organic acids and aromatics. These compounds severely inhibit the growth of microorganisms, leading to a marked decrease of overall productivity in fermentation processes (Taherzadeh et al., 1997; Palmqvist and Hahn-Hagerdal, 2000b; Mussatto and Roberto, 2004) . The toxic effect of individual inhibitors is exacerbated by synergistic effects with other toxic feedstock components as well as fermentation products (Palmqvist and Hahn-Hagerdal, 2000a; Zaldivar et al., 2000; Nigam, 2001) .
Several methods to remove inhibitors from lignocellulosic hydrolysate have been described, such as ether extraction, alkaline precipitation or enzymatic treatment using laccases (Palmqvist and Hahn-Hagerdal, 2000b; Mussatto and Roberto, 2004) . Biological detoxification or bio-abatement relies on microorganisms that specifically remove fermentation inhibitors. This presents an attractive alternative to physico-chemical detoxification, because it does not require the addition of chemicals and produces mostly biodegradable waste.
Efficient biological detoxification requires microorganisms with an unusual substrate utilization profile. Ideally all inhibitors should be metabolized while the sugar fraction should be preserved. Several microorganisms, both fungi and bacteria, have been isolated that either completely or partially degrade inhibitors such as furfural, 5-hydroxy-2-methylfurfural (HMF) and acetate, but also sugars (Boopathy et al., 1993; Lopez et al., 2004; Nichols and Mertens, 2008; Okuda et al., 2008; Yu and Stahl, 2008; Hou-Rui et al., 2009) . These organisms may be suited for fermentation of lignocellulosic feedstock, but for bioabatement purposes, organisms unable to utilize sugars would be greatly preferred.
In this study, we isolated several bacterial species from soil and water that utilize HMF as the sole carbon source. One of the isolates, Cupriavidus basilensis HMF14, utilized HMF, furfural and a wide variety of organic acids and aromatics as a sole carbon source. Remarkably, C. basilensis HMF14 was unable to metabolize sugars. When cultured in wheat straw hydrolysate, fermentation inhibitors were removed while retaining the sugar fraction. Furthermore, this bacterium is capable of producing polyhydroxyalkanoates (PHA). The combination of these traits makes C. basilensis HMF14 a promising microorganism for cost-effective biological removal of inhibitors from lignocellulosic hydrolysate.
Results

Enrichment and characterization of HMF-degrading bacteria
In search for (prokaryotic) microorganisms that can utilize HMF as a sole carbon source, we inoculated enrichment cultures on HMF-supplemented minimal medium with soil and water samples. After two transfers into fresh medium, the cultures were plated on solid HMF medium to isolate individual bacteria capable of degrading HMF. Fourteen individual colonies were selected and initial identification was performed by partial 16S rDNA sequencing. The isolates were found to belong to three distinct genera (Table 1) : Telluria, Arthrobacter and Cupriavidus [formerly known as Ralstonia (Vandamme and Coenye, 2004) ]. Phenotypic characterization confirmed that all isolates utilized HMF as a sole carbon source. In addition, all isolates were capable of utilizing furfural. Interestingly, isolates HMF13 and HMF14 were the only isolates not capable of utilizing glucose. Moreover, HMF13 and HMF14 could be easily cultured and genome sequences of related strains were available (Schwartz et al., 2003; Pohlmann et al., 2006; Fricke et al., 2009) . Strain HMF14 was selected for further study.
Phenotypic characterization of HMF-degrading strain HMF14
Isolate HMF14 was able to grow on gluconate, succinate, citrate, acetate, benzene, toluene and phenol. No growth was observed on glucose, xylose, arabinose and mannose. Cells were short rods, either single, in pairs or in short chains. On LB agar plates, round colonies were formed that had a mucous appearance. Formation of a mucous extracellular matrix was also observed in liquid cultures. Strain HMF14 could be cultured at temperatures up to 41°C and did not show anaerobic nitrate respiration. As both the 16S rDNA sequencing and the phenotypic characteristics best matched the type species of C. basilensis (DSMZ 11853 T ) (Steinle et al., 1998; Goris et al., 2001; Vandamme and Coenye, 2004) , strain HMF14 was designated C. basilensis HMF14 (DSM 22875).
The genus Cupriavidus is well known for its ability to efficiently produce PHA (Yu and Stahl, 2008; Reinecke and Steinbuchel, 2009) . In order to verify PHA production by the newly isolated C. basilensis HMF14, this strain was cultivated in minimal medium with acetate as a carbon source. Fluorescence microscopic analysis showed PHA granules within the cells of C. basilensis (Fig. 1) .
Degradation of furan derivatives by C. basilensis HMF14
In addition to HMF, other furan derivatives are present in lignocellulosic hydrolysates. In order to demonstrate whether C. basilensis HMF14 was capable of utilizing furan derivatives other than HMF, growth was assessed on minimal medium with 3.5 mM HMF, furfural, furfuryl alcohol or furoic acid as sole carbon source. Growth was observed on all tested furan derivatives, with slightly different growth characteristics (Table 2) . Cultures on furfural rapidly converted the substrate to furfuryl alcohol during the lag phase, while a small amount of furoic acid accumulated (Fig. 2) . Conversion of furfural to its alco- holic and/or acid form is a common mechanism of furfural detoxification (Boopathy et al., 1993; Liu et al., 2004; Okuda et al., 2008) . At the onset of logarithmic growth, furfuryl alcohol production decreased in favour of biomass formation, which likely proceeds via furoic acid (Trudgill, 1969; Koenig and Andreesen, 1990) . Similarly, HMFacid and -alcohol were formed in cultures with HMF as the carbon source. In addition, trace amounts of 2,5-furandicarboxylic acid and furoic acid were found in the HMF cultures (not shown).
Cupriavidus basilensis HMF14 grew in the presence of 5 mM of furfural or HMF (0.48 g l -1
, and 0.63 g l -1 respectively). However, the concentration of these toxic compounds is often higher in lignocellulosic hydrolysates, ranging from 0 to 3.5 g l -1 for furfural, and from 0 to 5.9 g l -1 for HMF (Klinke et al., 2004; Almeida et al., 2009) . Therefore, the tolerance of C. basilensis HMF14 towards furfural and HMF was determined in shake-flask cultures with 3-15 mM furfural or HMF (Fig. 3) . The time to double the starting optical density was found to increase with increasing concentrations of HMF or furfural, likely as a result of substrate toxicity. Nevertheless, after 24 h of cultivation growth was observed at all concentrations tested (not shown). No stable exponential growth phase was reached at furfural concentrations above 6 mM because the apparent growth rates increased continuously. Also in the HMF cultures, no stable exponential growth was obtained; however, the apparent growth rate decreased rather than increased with increasing HMF concentrations.
Removal of inhibitors from lignocellulosic hydrolysate using C. basilensis HMF14
In addition to furanic compounds, lignocellulosic hydrolysate contains many other components that can inhibit fermentation. While C. basilensis HMF14 was unable to degrade the sugars present in lignocellulosic hydrolysate, it was shown to metabolize many toxic hydrolysate constituents (Table 3 ). This further confirmed that C. basilensis HMF14 has a unique substrate specificity that makes this strain ideally suited for the removal of inhibitors from lignocellulosic hydrolysate. The inhibitory effect of lignocellulosic hydrolysate on fermentation is brought about by a concerted effect of many toxic constituents (Palmqvist and Hahn-Hagerdal, 2000b; Zaldivar et al., 2000) . In order to evaluate the capacity of C. basilensis HMF14 to selectively remove a mix of inhibitors from lignocellulosic hydrolysate, the strain was cultured in minimal medium with threefold diluted wheat straw hydrolysate WSH1 (MMhyd). Figure 4 shows that the furan derivatives, acetate and formate were completely removed after only 10 h of cultivation. During this period, the glucose, xylose and arabinose concentrations were unchanged. When the incubation was prolonged after the inhibitors were consumed, the sugar concentration decreased by approximately 11% within 15 h. The content of glucose, xylose and arabinose decreased simultaneously and to the same relative extent.
In order to assess the ability of C. basilensis HMF14 to remove inhibitors from a more concentrated and therefore toxic lignocellulose hydrolysate, it was cultured in WSH2. As expected, this hydrolysate was found to be more toxic Fig. 3 . Growth of C. basilensis HMF14 on different concentrations of furfural (A) or HMF (B). The concentrations used were , 3 mM; ᮀ, 6 mM; , 9 mM; ᭝, 12 mM; ᭹, 15 mM. The data points are the averages of duplicate experiments. The maximum variation between duplicates was less than 10%. to C. basilensis HMF14, which was reflected by the fourfold increased inoculum density required to achieve growth compared with the WSH1 cultures. Nevertheless, C. basilensis HMF14 was capable of removing the inhibitors from WSH2 within 25 h without affecting the total sugars concentration as shown in Fig. 5 .
Discussion
The presence of inhibitory compounds in lignocellulosic hydrolysate puts a serious constraint on the effective use of biomass as feedstock for the fermentative production of biofuels and bio-chemicals. (Palmqvist and HahnHagerdal, 2000a,b; Klinke et al., 2004; Mussatto and Roberto, 2004; Almeida et al., 2007) . Biological detoxification (bioabatement) of lignocellulosic hydrolysates has been shown to be an effective method of inhibitor removal and many microorganisms have been identified over the past few years that either degrade inhibitors or convert them into less toxic forms (Boopathy et al., 1993; Lopez et al., 2004; Nichols et al., 2005 Okuda et al., 2008; Yu and Stahl, 2008; Hou-Rui et al., 2009 ). All of these microorganisms, however, also metabolize sugars which potentially compromise the fermentable sugar content of the bioabated lignocellulosic hydrolysate. By contrast, C. basilensis strain HMF14 isolated in the present study does not utilize sugars while metabolizing the majority of inhibitory compounds in lignocellulosic hydrolysate.
Cupriavidus basilensis HMF14 was isolated on HMF, but also utilized furfural. The pathways by which these furanic aldehydes are metabolized are largely unknown, although a degradation route for furfural has been proposed based on enzyme activities (Trudgill, 1969; Koenig and Andreesen, 1990; Nichols and Mertens, 2008) . In the proposed pathway, furfural is oxidized to furoic acid which enters the cellular metabolism as the actual substrate for growth. Also C. basilensis HMF14 appeared to consume furfural via furoic acid because this compound was transiently observed in furfural-grown cultures. The steady state levels of furoic acid in growing cultures were very low, suggesting that furoic acid is metabolized with such efficiency that no appreciable accumulation occurs. During the initial growth phase, however, C. basilensis HMF14 rapidly reduced furfural to its alcoholic form. This may appear inefficient because furfuryl alcohol must be re-oxidized to furfural prior to the final oxidation to furoic acid. Considering the high toxicity of furanic aldehydes, however, the initial preference of furfural reduction over oxidation may be interpreted as a classical, non-specific detoxification mechanism to ensure that furfural concentrations are kept below inhibitory levels. The accumulated furfuryl alcohol subsequently serves as a relatively nontoxic substrate pool for generating furoic acid.
The assumption that furoic acid is the actual growth substrate is in agreement with the observation that no stable exponential growth phase was observed on furfural or furfuryl alcohol. The growth rate on furoic acid was higher than on furfural or furfuryl alcohol, which suggests that the apparent growth rate is determined by the interconversions between furfural, furfuryl alcohol and furoic acid. This may also explain the higher apparent growth rates in cultures with higher initial concentrations of furfural. These probably affect the alcohol-aldehydecarboxylic acid equilibrium such that a higher rate of furoic acid formation occurs, resulting in an apparent growth rate that approaches the maximum growth rate on furoic acid.
Considering the structural similarity between HMF and furfural, it may be expected that these compounds are metabolized at least partly via a shared pathway. This is supported by the observation that all HMF degraders isolated in this study were capable of utilizing furfural. In addition, transient accumulation of furoic acid was observed in cultures of C. basilensis HMF14 growing on HMF. The even more complex interconversions that determine the lag phase and growth rate on this substrate will be addressed in a separate paper (F. Koopman, manuscript in preparation).
In addition to individual compounds, complex mixtures of toxic inhibitors were also efficiently metabolized by C. basilensis HMF14 as exemplified by the removal of inhibitors from two batches of hydrolysate. The fact that C. basilensis HMF14 was able to grow in the more toxic batch of hydrolysate by increasing the inoculum size is in good agreement with results described previously (Yu and Stahl, 2008) . In both batches, the treatment resulted in a solution of sugars while the concentration of furanic compounds, acetate and formate was reduced to less than 10% of the starting concentration. Cupriavidus basilensis HMF14 did not utilize individual sugars, but prolonged incubation with dilute wheat straw hydrolysate appeared to result in slightly decreased soluble sugar concentrations. It was considered unlikely that the sugars were actually metabolized, because all three sugars disappeared simultaneously and to the same relative extent. In addition, no polyol (sorbitol, xylitol, arabitol) formation was observed, indicating that the sugars were not converted in its corresponding polyols. Rather, the sugar content may have decreased as a result of adsorption to the mucous extracellular matrix of C. basilensis HMF14.
Based on the present study, it is concluded that the unique substrate profile of C. basilensis HMF14 makes this bacterium promising for biological removal of inhibitors from lignocellulosic hydrolysate under aerobic conditions. An aerobic treatment of lignocellulosic hydrolysate prior to a fermentation process may be advantageous because C. basilensis HMF14 would not be able to grow under the (anaerobic) fermentation conditions. Its capability of producing PHA may furthermore contribute to cost-effectiveness because the biomass generated in the bioabatement treatment may be employed for the production of bioplastics (Yu and Stahl, 2008) . Further studies on the feasibility of this process are currently ongoing as well as studies to demonstrate the effect of bioabatement on the fermentability of toxic lignocellulosic hydrolysates for industrially relevant microorganisms, such as Saccharomyces cerevisiae, Zymomonas mobilis, Clostridium acetobutylicum and Escherichia coli.
Experimental procedures
Culture conditions
Cultures were performed either in Luria broth (LB) or in a minimal medium (MM) described previously (Hartmans et al., 1989) . Enrichment cultures were performed in liquid MM medium with 20 mM HMF as the carbon source (MMH20), supplemented as indicated with 0.1 g l -1 yeast extract as vitamin source (MMyH20). Soil and water samples were collected from the botanical garden of the Delft University of Technology and from a peat lake named 'het Kootwijkerveen' near Apeldoorn, the Netherlands. The samples were mixed and approximately 1 g was used to inoculate 50 ml MMH20 or MMyH20 in 500 ml Erlenmeyer flasks that were incubated at 30°C for 2 days in a rotary shaker. One millilitre samples were transferred twice to fresh medium and incubated until bacterial growth was apparent (OD600 > 1). The final enrichment cultures were streaked onto MM medium solidified with 1.5% (w/v) agar and containing 10 mM HMF (MMH10) or the same medium supplemented with 0.1 g l -1 yeast extract (MMyH10). The plates were incubated at 30°C until colonies appeared.
Wheat straw hydrolysate batch 1 (WSH1), made by acid hydrolysis, was obtained from Johan van Groenestijn (TNO Quality of Life, Zeist, the Netherlands). The hydrolysate contained 14.2 g l -1 glucose, 7.9 g l -1 xylose, 0.8 g l -1 arabinose, 42.2 mg l -1 HMF, 346 mg l -1 furfural, 60.5 mg l -1 formate and 197.1 mg l -1 acetate. A more concentrated batch of wheat straw hydrolysate (WSH2), was obtained from an industrial source. This hydrolysate contained 67 g l -1 total sugars, 3 mM total furans, 3.8 g l -1 formate and acetate. The hydrolysates were neutralized by adding 37 mM phosphate buffer (pH 7) and adjusting the pH to 7.0 with 10 M NaOH, resulting in a brown precipitate. After addition of minimal medium components, the solution was centrifuged at 10 000 g for 5 min. The supernatant was filter sterilized through a sterile PTFE filter with a pore size of 0.22 mm. The resulting medium (MMhyd) was inoculated with an overnight pre-culture of C. basilensis HMF14 in minimal medium with 3 mM HMF, 3 mM furfural and 12 mM sodium succinate.
Bacterial identification
Partial sequence analysis of the 16S rDNA gene was performed for preliminary identification of the bacteria isolated from the enrichment cultures. Total DNA was isolated with a FastDNA kit (QBioGene/MP Biomedicals) and the partial 16S gene was amplified by PCR using primers FD1/2, AGAGTTTGATCMTG2CAG and RP1/2, ACGGYTACCT-TGTTACGACTT (Weisburg et al., 1991) . PCR products were purified with a Qiaquick PCR purification kit (Qiagen) and sequenced by MWG Biotech AG with the same primers used for amplification. The resulting sequences were assigned GenBank accession numbers GU220488, GU220489, GU220490. Results of 16S rDNA sequencing were confirmed as indicated, by phenotypic characterization tests based on Bergey's Manual of Systematic Bacteriology (Holt, 1984) and Steinle and colleagues (1998) .
Analytical methods
Bacterial growth was determined by measuring optical density at 600 nm (OD600) using a Biowave Cell Density Meter (WPA Ltd) or a mQuant MQX200 universal microplate spectrophotometer (Bio-tek), using flat-bottom 96-well microplates (Greiner). For OD600 measurements in hydrolysate cultures, lignocellulosic hydrolysate without cells was used as a blank. Furan derivatives were analysed on an Agilent 1100 system equipped with a diode array detector set at 230 nm. The column used was a Zorbax Eclipse XDB-C8 (length, 150 mm; internal diameter, 4.6 mm; particle size, 5 mm; Agilent) operated at 25°C. As eluent, a gradient of acetonitrile in 20 mM KH2PO4 (pH 2) with 1% acetonitrile was used at a flow of 1.2 ml min -1 , increasing from 0% to 5% in 3.5 min and from 5% to 40% in 2.5 min, set as smooth gradients.
Glucose, xylose and arabinose were analysed by ion chromatography (Dionex ICS3000 system), using a CarboPac PA20 column (length, 150 mm; internal diameter, 3 mm) with 10 mM NaOH at a flow rate of 0.5 ml min -1 as the eluent. For production of PHA, C. basilensis HMF14 was cultured in minimal medium with 120 mM acetate as a carbon source and 6 mM (NH4)2SO4 as a nitrogen source. Polyhydroxyalkanoate was visualized by fluorescence microscopy using Nile Blue A staining, basically as described by Johnson and colleagues (2009) .
5-Hydroxymethyl-furoic acid (HMF acid) was purchased from Matrix Scientific (Columbia SC, United States). This compound was found to be highly esterified. Therefore, immediately prior to use, a 10 mM solution of the esterified HMF acid was boiled for 2 h in 2 M H2SO4, cooled, and adjusted to pH 7.0 with NaOH after addition of 50 mM of phosphate buffer (pH 7). All other chemicals were purchased from Sigma-Aldrich Chemie B.V. (Zwijndrecht, the Netherlands). 5-Hydroxy-2-methylfurfuryl alcohol was identified based on its UV-VIS spectrum (Boopathy et al., 1993) .
